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ABSTRACT
In a previous paper, we tried to test the Kerr nature of the stellar-mass black hole in GRS 1915+105
by analyzing NuSTAR data of 2012 with our reflection model relxill nk. We found that the choice
of the intensity profile of the reflection component is crucial and eventually we were not able to get any
constraint on the spacetime metric around the black hole in GRS 1915+105. In the present paper,
we study the same source with Suzaku data of 2007. We confirm that the intensity profile plays
an important role, but now we find quite stringent constraints consistent with the Kerr hypothesis.
The key differences with respect to our previous study are likely the lower disk temperature in the
Suzaku observation and the higher energy resolution near the iron line of the Suzaku data. We
also apply different relxill flavors (different descriptions of the coronal spectrum and variable disk
electron density) obtaining essentially the same results. We thus conclude that this choice is not very
important for our tests of the Kerr hypothesis while the intensity profile does play an important role,
and that with high quality data it is possible to measure both the spacetime metric and the intensity
profile.
Subject headings: accretion, accretion disks — black hole physics — gravitation
1. INTRODUCTION
In 4-dimensional Einstein’s gravity, uncharged black holes are described by the Kerr solution (Kerr 1963) and are
completely specified by only two parameters, associated, respectively, with the mass M and the spin angular momentum
J of the compact object (Carter 1971; Robinson 1975). The spacetime metric around astrophysical black holes formed
from the complete gravitational collapse of stars or clouds is thought to be well approximated by the stationary,
axisymmetric, and asymptotically-flat Kerr solution of Einstein’s equations. Initial deviations from the Kerr geometry
are expected to be quickly radiated away by the emission of gravitational waves after the black hole formation (Price
1972). The presence of accretion disks or nearby stars around the black hole are normally negligible for the metric in
the strong gravity region (Bambi et al. 2014; Bambi 2018). A possible initial non-vanishing electric charge is quickly
almost neutralized because of the highly ionized host environment, and the residual equilibrium charge is very small
and completely negligible for the spacetime geometry (Bambi et al. 2009a; Bambi 2017a). On the contrary, macroscopic
deviations from the Kerr metric are possible in the presence of exotic matter (Herdeiro, & Radu 2014; Herdeiro et
al. 2016), quantum gravity effects (Dvali, & Gomez 2013; Giddings 2017; Giddings, & Psaltis 2018), as well as in a
number of modified theories of gravity (Kleihaus et al. 2011; Sotiriou, & Zhou 2014; Ayzenberg, & Yunes 2014).
Testing the Kerr nature of astrophysical black holes is becoming a hot topic nowadays, thanks to new observational
facilities capable of probing the spacetime metric around these objects. Tests of the Kerr hypothesis involve either
electromagnetic techniques (Johannsen 2016; Bambi 2017b) or gravitational waves (Glampedakis, & Babak 2006;
Yunes, & Siemens 2013; Abbott et al. 2016; Yunes et al. 2016). Electromagnetic tests, strictly speaking, are sensitive
to the motion of massive and massless particles in the strong gravity region and to couplings between the gravity and
matter sectors. Gravitational wave tests are sensitive to the evolution of the spacetime metric in response to a variation
of the mass/energy distribution and to the propagation of the gravitational wave signal. The two methods are thus
complementary because they can test different sectors of the theory. For example, a new force inducing deviations
from geodesic motion or variation of fundamental constants can naturally alter the electromagnetic spectrum of black
holes, while the gravitational wave spectrum will be likely unchanged. A modified metric theory of gravity in which
uncharged black holes are still described by the Kerr solution would predict the same electromagnetic spectrum as
general relativity, because the spacetime metric is the same, but a different gravitational wave spectrum, because the
field equations of the theory are different (Psaltis et al. 2008; Barausse, & Sotiriou 2008).
There are many electromagnetic techniques proposed in literature to test the Kerr hypothesis (Torres 2002; Bambi,
& Freese 2009; Stuchl´ık, & Kotrlova´ 2009; Bambi et al. 2009b; Schee, & Stuchl´ık 2009; Bambi, & Barausse 2011;
Bambi 2012; Johannsen, & Psaltis 2013; Broderick et al. 2014; Li, & Bambi 2014). Among all these methods, X-ray
reflection spectroscopy seems to be the most promising for the present and near future, and surely the only one with
observational constraints already published (Cao et al. 2018; Xu et al. 2018; Tripathi et al. 2019a,b,c; Abdikamalov et
al. 2019b). In the disk-corona model, thermal photons from the disk can inverse Compton scatter off free electrons in
the so-called corona, which is some hot material (∼ 100 keV) in the strong gravity region. For example, the corona
may be the base of the jet, the accretion flow plunging from the accretion disk to the black hole, the atmosphere
above the accretion disk, etc. The Comptonized photons of the corona can illuminate the disk, producing a reflection
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component. The latter is characterized by fluorescent emission lines in the soft X-ray band (and the most prominent
feature is often the iron Kα line at 6.4-7 keV, depending on the ionization of iron atoms) and by the Compton hump
peaked around 20-30 keV. The fluorescent emission lines are very narrow in the rest-frame of the gas, while they
appear broadened and skewed far from the source as the results of relativistic effects occurring in the strong gravity
region. X-ray reflection spectroscopy refers to the analysis of such a reflection component (Brenneman, & Reynolds
2006; Brenneman 2013; Reynolds 2014) and is potentially a powerful tool for investigating the strong gravity region
of black holes.
relxill nk (Bambi et al. 2017; Abdikamalov et al. 2019a) is an extension of the relxill package (Dauser et al.
2013; Garc´ıa et al. 2013, 2014) to non-Kerr backgrounds. The model describes the reflection spectrum of a Novikov-
Thorne disk in a parametric black hole spacetime. The model parameters are the same as in the relxill package
together with some “deformation parameters” specifically introduced to deform the Kerr metric and quantify possible
non-Kerr features. If all deformation parameters vanish, we exactly recover the Kerr background. From the comparison
of the theoretical predictions of relxill nk with observational data of accreting black holes with a strong reflection
spectrum, it is possible to estimate the values of the deformation parameters and thus test the Kerr hypothesis.
In Zhang et al. (2019), we applied relxill nk to a 60 ks NuSTAR observation in 2012 of GRS 1915+105. This is
quite a bright low mass X-ray binary with a stellar-mass black hole. In general, GRS 1915+105 is a highly variable
source, but we showed that it was quite stable during the NuSTAR observation in 2012. The accretion luminosity
of the black hole was around 20% of its Eddington limit, so the thin disk model of relxill nk was thought to be
appropriate. Our results show instead that it is very complicated to test the Kerr metric of the stellar-mass black hole
in GRS 1915+105 with the NuSTAR observation in 2012. Depending on the choice of the intensity profile, whether
a simple power-law, a broken power-law with outer emissivity index fixed to 3, or a broken power-law with both
emissivity indices free, we found different results, which may either confirm the Kerr metric or require deviations from
the Kerr geometry. A similar dependence on the choice of the intensity profile is clearly what we do not want to have
in a test of general relativity. Moreover, we found that the uncertainties on the deformation parameters were large
in comparison with other measurements. We met similar problems with the analysis reported in Liu et al. (2019) of
a NuSTAR observation of another stellar-mass black hole, Cygnus X-1. On the contrary, our studies of supermassive
black holes seem to provide much more stringent constraints in agreement with the Kerr hypothesis and without any
particular dependence on the choice of the adopted intensity profile, see Abdikamalov et al. (2019b) for a review of all
results. So, it seems that supermassive black holes are more suitable than stellar-mass black holes for our tests of the
Kerr metric.
In the present paper, we try to test the Kerr nature of the stellar-mass black hole in GRS 1915+105 by analyzing
a Suzaku observation of 2007, previously studied in Blum et al. (2009). Here we also explore the impact of different
relxill flavors and we fit the data with relxill nk (default model), relxillCp nk (nthcomp Comptonization for
the coronal spectrum), and relxillD nk (variable disk electron density); see Abdikamalov et al. (2019a) for more
details on the specific flavors. We confirm that the choice of how to model the intensity profile of the reflection spectrum
is crucial, but our conclusions are different. When we model the intensity profile of the reflection spectrum with a
simple power-law, we do not recover the Kerr solution. When we employ a broken power-law with the two emissivity
indices free in the fit, we find a better fit and we recover the Kerr metric. The result is not very sensitive to the exact
relxill flavor. This makes sense to us, because it says that the intensity profile is an important ingredient to properly
model the reflection spectrum. A too simple intensity profile, like a simple power-law, is not enough to model high
quality data like those of Suzaku of GRS 1915+105. When we employ a broken power-law with the emissivity indices
free, the fit can both constrain the intensity profile and test the Kerr metric. We argue that there are two important
differences between the NuSTAR observation analyzed in Zhang et al. (2019) and the Suzaku one of the present work:
i) tests of the Kerr metric benefit from high energy resolution near the iron line, and ii) in the Suzaku data we do not
see any thermal component of the disk, while we see it in the NuSTAR data, suggesting that the temperature of the
disk was much lower during the Suzaku observation. This is a relevant point because relxill nk uses xillver, in
which the non-relativistic reflection spectrum is calculated assuming a cold disk (which indeed makes the model more
suitable to study supermassive black holes rather than the stellar-mass ones).
The paper is organized as follows. In Section 2, we present the observation and how we reduced the data. In
Section 3, we show the best-fit values and the constraints on the deformation parameters for all the models considered.
In Section 4, we discuss the results. The parametric black hole metric employed in our study is reported in Appendix A.
2. OBSERVATION AND DATA REDUCTION
GRS 1915+105 is a low mass X-ray binary with quite peculiar properties. In particular, it is a persistent X-ray
source since its last outburst in 1992. Suzaku observed GRS 1915+105 on 2007 May 7 (obs. ID 402071010) for
approximately 117 ks. In our analysis, we used the data from the XIS1 and HXD/PIN instruments only. Two other
XIS units were turned off to preserve telemetry, and the fourth unit was run in a special timing mode. We employed
Xspec v12.10.0 (Arnaud 1996).
We processed unfiltered event files of the XIS1 following the Suzaku Data Reduction ABC Guide with aepipeline
to create a clean event file (3× 3 mode and 5× 5 mode data), using XIS CALDB version 20160616. The source region
was selected by an annulus region of inner radius 78′′ and outer radius 208′′ because photons piled up severely in
the center of the detector. The background region was selected by an annulus region of inner radius 208′′ and outer
radius 278′′. We removed the extracted region areas that did not land on the XIS detector manually. Unbinned source
and background spectra were extracted with xselect, ensuring the cutoff-rigidity was set to > 6 GeV to account for
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Fig. 1.— Light curves in the soft band (0.2-12 keV, XIS1 data, upper panel) and hard band (10-70 keV, HXD/PIN data, central panel)
and temporal evolution of the hardness of the spectrum (bottom panel) of GRS 1915+105 on 2007 May 7.
proper non X-ray background (NXB) subtraction. The XIS redistribution matrix file (RMF) and ancillary response
file (ARF) were created respectively using the tools xisrmfgen and xissimarfgen available in the HEASOFT version
6.24 data reduction package. After all efficiencies and screening, a net exposure time of 28.94 ks for the XIS1 camera
(in the 3 × 3 editing mode) was achieved. We grouped the data to a minimum of 25 counts per bin using grppha.
In our analysis, we used the 2.3-10 keV energy band in order to avoid calibration problems near the Si K edge and
because there are few photons at low energy due to absorption from high column density, which could have negatively
influenced our estimate of the iron Kα emission line.
HXD/PIN data were reduced similarly, employing aepipeline and then hxdpinxbpi using the latest CALDB version
20110915. After all efficiencies and screening, a net exposure time of 53.00 ks for the HXD/PIN was achieved. In our
analysis, we used the 12.0–55.0 keV energy band following Blum et al. (2009). We used a cross-normalization constant
floating between XIS1 data and HXD/PIN data3.
In general, GRS 1915+105 is a highly variable source. However, the hardness of the source was quite stable during
the Suzaku observation of 2007, and we did not need to take its variability into account in the spectral analysis. The
light curve is shown in Fig. 1.
3. SPECTRAL ANALYSIS
The spectrum of the GRS 1915+105 observed by Suzaku in 2007 seems to be quite simple and already well modeled
with absorbed coronal and reflection components. This is also the conclusion in Blum et al. (2009). In particular, we
note that we do not need the disk’s thermal component. In the Xspec language, the model is tbabs×relxill nk.
tbabs describes the Galactic absorption (Wilms et al. 2000), and the hydrogen column density NH is left free in
all the fits. relxill nk is our relativistic reflection model and includes the coronal spectrum (Bambi et al. 2017;
Abdikamalov et al. 2019a). The model employs the Johannsen metric (Johannsen 2013), which is briefly reviewed in
Appendix A. With respect to the standard relxill (Dauser et al. 2013; Garc´ıa et al. 2013, 2014), we have three extra
3 Note that the recommended cross calibration constant 1.16 between XIS and HXD/PIN instruments applies to simulations and sources
like AGNs. In the case of bright sources, like GRS 1915+105, the XIS instruments are affected by pile-up while HXD/PIN is not.
Removing the central part in the XIS image has an impact of the measured flux of the XIS instrument and therefore we have to fit the
cross-normalization constant.
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TABLE 1
relxill nk relxillCp nk relxillD nk
tbabs
NH/10
22 cm−2 7.92+0.05−0.04 8.86
+0.17
−0.06 7.90
+0.10
−0.06 9.33
+0.07
−0.06 8.28
+0.05
−0.07 9.19
+0.06
−0.04
relxill nk
qin > 9.7 > 8.4 > 9.6 > 9.8 1.88
+0.08
−0.07 7.36
+0.07
−0.42
qout = qin < 0.31 = qin < 0.27 = qin < 0.23
Rbr [M ] ... 6.1
+0.4
−0.2 ... 6.0
+0.3
−0.2 ... 10.4
+0.2
−0.2
i [deg] 65+1−1 74.6
+0.7
−1.0 62
+1
−2 74.7
+0.6
−1.2 80−2 69.2
+0.7
−0.5
a∗ 0.960+0.007−0.008 0.991
+0.001
−0.001 0.94
+0.01
−0.02 0.992
+0.001
−0.001 0.90
+0.07
−0.10 > 0.996
α13 0? 0? 0? 0? 0? 0?
α22 0? 0? 0? 0? 0? 0?
3 0? 0? 0? 0? 0? 0?
log ξ 2.940.020.04 2.54
+0.10
−0.04 3.07
+0.02
−0.02 2.49
+0.04
−0.03 0.66
+0.08
−0.26 2.50
+0.01
−0.18
AFe 0.56
+0.05
−0.02 0.66
+0.05
−0.02 0.50
+0.02 0.57+0.04−0.04 0.63
+0.08
−0.07 0.70
+0.03
−0.04
Γ 2.20+0.01−0.02 2.44
+0.06
−0.02 2.203
+0.007
−0.008 2.527
+0.013
−0.004 2.74
+0.02
−0.03 2.587
+0.008
−0.006
Ecut(kTe) [keV] 74
+2
−2 110
+5
−8 26
+2
−2 200−43 300
? 300?
log N [cm−3] ... ... ... ... 17.6+0.2−0.1 16.62
+0.08
−0.04
Rf 0.59
+0.05
−0.03 0.71
+0.05
−0.05 0.53
+0.05
−0.03 1.01
+0.05
−0.04 0.7
+0.2
−0.1 1.22
+0.04
−0.11
χ2/ν 2347.37/2184 2258.59/2182 2400.32/2211 2289.62/2209 2328.45/2211 2289.65/2209
=1.07481 =1.03510 =1.08562 =1.03649 =1.05312 =1.03651
Best-fit values for the Kerr model (α13 = α22 = 3 = 0) with relxill nk, relxillCp nk, and relxillD nk. For every flavor, we have
two models for the emissivity profile: simple power-law (left column) and broken power-law (right column). The reported uncertainties
correspond to the 90% confidence level for one relevant parameter. ? indicates that the value is frozen in the fit.
TABLE 2
relxill nk relxillCp nk relxillD nk
tbabs
NH/10
22 cm−2 8.94+0.08−0.22 8.85
+0.15
−0.08 8.95
+0.05
−0.07 9.32
+0.07
−0.09 8.29
+0.03
−0.05 9.29
+0.07
−0.10
relxill nk
qin 5.0
+0.1
−0.2 > 9.1 5.0
+0.2
−0.2 > 5.2 1.91
+0.08
−0.05 6.49
+0.07
−0.16
qout = qin < 0.4 = qin < 0.16 = qin < 0.14
Rbr [M ] ... 5.9
+0.9
−2.5 ... 5.3
+1.4
−0.4 ... 12.3
+4.5
−0.4
i [deg] 67.1+0.4−0.5 75
+2
−2 66.9
+0.4
−0.5 76.7
+0.7
−2.8 80−1 69.2
+0.7
−0.4
a∗ > 0.997 > 0.988 > 0.996 > 0.990 > 0.801 > 0.996
α13 −0.44+0.04−0.01 −0.05+0.05−0.18 −0.44+0.04−0.01 −0.17+0.20−0.02 0.6+1.1−0.8 −0.18+0.12−0.03
α22 0? 0? 0? 0? 0? 0?
3 0? 0? 0? 0? 0? 0?
log ξ 2.74+0.06−0.03 2.54
+0.09
−0.07 2.74
+0.03
−0.03 2.49
+0.05
−0.04 0.65
+0.07
−0.24 2.54
+0.04
−0.06
AFe 0.50
+0.04 0.67+0.08−0.06 0.50
+0.02 0.58+0.05−0.04 0.66
+0.06
−0.03 0.68
+0.02
−0.03
Γ 2.40+0.02−0.03 2.44
+0.07
−0.05 2.40
+0.01
−0.01 2.53
+0.02
−0.03 2.75
+0.02
−0.03 2.585
+0.014
−0.003
Ecut(kTe) [keV] 116
+7
−18 110
+13
−8 68
+7
−9 200−23 300
? 300?
log N [cm−3] ... ... ... ... 17.5+0.2−0.2 16.65
+0.26
−0.08
Rf 0.78
+0.05
−0.04 0.71
+0.07
−0.06 0.861
+0.008
−0.011 1.01
+0.09
−0.10 0.74
+0.18
−0.17 1.21
+0.05
−0.06
χ2/ν 2285.11/2183 2258.34/2181 2337.42/2210 2288.72/2208 2327.05/2210 2288.68/2208
=1.04678 =1.03546 =1.05765 =1.03656 =1.05296 =1.03654
Best-fit values for the Johannsen model with free α13 and with relxill nk, relxillCp nk, and relxillD nk. For every flavor, we have
two models for the emissivity profile: simple power-law (left column) and broken power-law (right column). The reported uncertainties
correspond to the 90% confidence level for one relevant parameter. ? indicates that the value is frozen in the fit.
parameters, called, respectively, α13, α22, and 3, which quantify possible deviations from the Kerr solution. The Kerr
metric is recovered when these deformation parameters vanish. Measuring the value of these deformation parameters
thus tests the Kerr hypothesis. Note that the current version of relxill nk only allows for the measurement of one
of these deformation parameters assuming the other two vanish. Here, for relxill nk, we do not only assume the
default model relxill nk, but we also include the flavors relxillCp nk and relxillD nk.
We have four “main” models: Kerr spacetime (α13 = α22 = 3 = 0), Johannsen spacetime with free α13, Johannsen
spacetime with free α22, and Johannsen spacetime with free 3. For each of these four cases, we fit the data with
relxill nk, relxillCp nk, and relxillD nk. For every flavor, we assume two possible emissivity profiles for the
reflection spectrum: simple power-law and broken power-law with both inner and outer emissivity indices and breaking
radius free. The results of our fits are shown in Tabs. 1, 2, 3, and 4, respectively for the model with the Kerr spacetime,
α13, α22, and 3. The best-fit models and the data to best-fit model ratios for the Johannsen spacetime with free α13
are shown in Fig. 2 (the cases for the Kerr spacetime and Johannsen spacetime with free α22 or 3 are similar). The
Tests of the Kerr hypothesis with GRS 1915+105 5
TABLE 3
relxill nk relxillCp nk relxillD nk
tbabs
NH/10
22 cm−2 8.8+0.2−0.5 8.86
+0.09
−0.05 8.90
+0.05
−0.04 9.31
+0.07
−0.03 8.27
+0.03
−0.05 9.3
+0.1
−0.1
relxill nk
qin 5.0
+0.2
−0.3 > 9.7 4.9
+0.2
−0.1 > 9.7 1.88
+0.07
−0.06 6.9
+0.2
−0.5
qout = qin < 0.37 = qin < 0.20 = qin < 0.38
Rbr [M ] ... 6.1
+0.6
−0.4 ... 5.8
+0.5
−0.7 ... 11
+1
−5
i [deg] 64.5+0.8−0.8 74.7
+0.6
−1.4 63.9
+0.9
−0.3 75.0
+0.2
−0.4 80−1.3 69.8
+1.3
−0.8
a∗ > 0.997 0.991+0.004−0.003 > 0.007 0.990
+0.003
−0.001 > 0.522 > 0.996
α13 0? 0? 0? 0? 0? 0?
α22 0.59
+0.02
−0.03 0.003
+0.100
−0.013 0.62
+0.01
−0.05 0.10
+0.03
−0.11 −0.4+0.6−0.2 0.19+0.06−0.18
3 0? 0? 0? 0? 0? 0?
log ξ 2.77+0.11−0.03 2.53
+0.06
−0.04 2.74
+0.03
−0.03 2.51
+0.04
−0.02 0.67
+0.41
−0.05 2.42
+0.03
−0.03
AFe 0.50
+0.03 0.67+0.05−0.05 0.50
+0.02
−0.05 0.57
+0.03
−0.02 0.63
+0.10
−0.03 0.79
+0.04
−0.04
Γ 2.38+0.03−0.10 2.44
+0.06
−0.04 2.400
+0.010
−0.009 2.52
+0.01
−0.01 2.739
+0.007
−0.031 2.581
+0.010
−0.004
Ecut(kTe) [keV] 109
+15
−14 110
+5
−7 68
+7
−7 200−43 300
? 300?
log N [cm−3] ... ... ... ... 17.54+0.19−0.02 17.60
+0.11
−0.07
Rf 0.76
+0.08
−0.10 0.70
+0.08
−0.10 0.84
+0.04
−0.04 0.99
+0.02
−0.14 0.73
+0.05
−0.16 1.2
+0.1
−0.1
χ2/ν 2294.32/2183 2258.86/2181 2345.30/2210 2288.24/2208 2328.38/2210 2284.61/2208
=1.05009 =1.03570 =1.06122 =1.03634 =1.05357 =1.03470
Best-fit values for the Johannsen model with free α22 and with relxill nk, relxillCp nk, and relxillD nk. For every flavor, we have
two models for the emissivity profile: simple power-law (left column) and broken power-law (right column). The reported uncertainties
correspond to the 90% confidence level for one relevant parameter. ? indicates that the value is frozen in the fit.
TABLE 4
relxill nk relxillCp nk relxillD nk
tbabs
NH/10
22 cm−2 7.90+0.04−0.04 8.86
+0.09
−0.07 7.96
+0.02
−0.02 9.33
+0.08
−0.06 8.29
+0.08
−0.07 9.19
+0.04
−0.06
relxill nk
qin > 9.7 > 9.4 > 9.7 > 9.6 1.91
0.09
0.05 7.36
+0.06
−0.37
qout = qin < 0.5 = qin < 0.3 = qin < 0.2
Rbr [M ] ... 6.2
+2.3
−0.8 ... 6.0
+0.3
−0.2 ... 10.4
+1.0
−0.4
i [deg] 67.2+0.6−0.8 74.6
+0.7
−1.4 64.8
+0.2
−0.7 74.7
+0.6
−1.2 80−0.5 69.2
+0.5
−0.5
a∗ 0.991+0.004−0.003 0.989
+0.006
−0.003 0.986
+0.006
−0.021 0.992
+0.004
−0.005 0.85
+0.09
−0.13 > 0.995
α13 0? 0? 0? 0? 0? 0?
α22 0? 0? 0? 0? 0? 0?
3 1.0
+0.1
−0.8 −0.19+0.35−0.03 0.94+0.60−0.30 0.00+0.30−0.05 −3.1+3.3−2.0 0.03+0.20−1.78
log ξ 2.89+0.02−0.07 2.57
+0.08
−0.09 3.037
+0.005
−0.015 2.49
+0.04
−0.03 0.69
+0.04
−0.26 2.50
+0.02
−0.03
AFe 0.58
+0.03
−0.03 0.68
+0.05
−0.08 0.50
+0.01 0.57+0.04−0.04 0.61
+0.08
−0.04 0.70
+0.03
−0.03
Γ 2.203+0.007−0.006 2.44
+0.04
−0.05 2.22
+0.01
−0.02 2.527
+0.009
−0.024 2.74
+0.02
−0.03 2.587
+0.015
−0.005
Ecut(kTe) [keV] 72
+1
−2 112
+13
−7 26.9
+0.5
−0.9 200−45 300
? 300?
log N [cm−3] ... ... ... ... 17.62+0.12−0.04 16.62
+0.08
−0.04
Rf 0.55
+0.02
−0.02 0.74
+0.06
−0.04 0.56
+0.01
−0.07 1.01
+0.07
−0.07 0.80
+0.07
−0.18 1.22
+0.05
−0.02
χ2/ν 2344.21/2183 2258.26/2181 2395.96/2210 2289.59/2208 2326.82/2210 2289.48/2208
=1.07385 =1.03543 =1.08414 =1.03695 =1.05286 =1.03690
Best-fit values for the Johannsen model with free 3 and with relxill nk, relxillCp nk, and relxillD nk. For every flavor, we have
two models for the emissivity profile: simple power-law (left column) and broken power-law (right column). The reported uncertainties
correspond to the 90% confidence level for one relevant parameter. ? indicates that the value is frozen in the fit.
constraints on the spin vs deformation parameter plane are of particular interest for us. These are shown in Fig. 3
(a∗ vs α13), Fig. 4 (a∗ vs α22), and Fig. 5 (a∗ vs 3). The red, green, and blue curves correspond, respectively, to the
68%, 90%, and 99% confidence contours for two relevant parameters.
4. DISCUSSION AND CONCLUSIONS
Let us start by discussing the Kerr models. The best-fit values are shown in Tab. 1. Unfortunately, we cannot
easily compare our results with those in Blum et al. (2009) because Blum et al. (2009) use a different reflection
model and employs different assumptions, freezing some model parameters that here we decide to have free. Generally
speaking, we find that the stellar-mass black hole must rotate fast, in agreement with the other measurements in the
literature (McClintock et al. 2006; Blum et al. 2009; Miller et al. 2013). Note, however, that when we model the
emissivity profile with a broken power-law, the spin is very high (a∗ > 0.99) and this is true for every flavor. Assuming
a simple power-law, we find a moderately high spin. Moreover, in the case of a simple power-law, we find a high value
6 Zhang et al.
   
 
 
  
 N H
 9
2   
 3 K
 R W
 R Q
 V  F
 P
2   V
1   N
 H 9
1  
 5 ( / ; , / / B 1 .  Z L W K  3 R Z H U  / D Z
          
 ( Q H U J \   N H 9 
    
    
    
 5 D
 W L R
   
 
 
  
 N H
 9
2   
 3 K
 R W
 R Q
 V  F
 P
2   V
1   N
 H 9
1  
 5 ( / ; , / / B 1 .  Z L W K  % U R N H Q  3 R Z H U  / D Z
          
 ( Q H U J \   N H 9 
    
    
    
 5 D
 W L R
   
 
 
  
 N H
 9
2   
 3 K
 R W
 R Q
 V  F
 P
2   V
1   N
 H 9
1  
 5 ( / ; , / / & 3 B 1 .  Z L W K  3 R Z H U  / D Z
          
 ( Q H U J \   N H 9 
    
    
    
 5 D
 W L R
   
 
 
  
 N H
 9
2   
 3 K
 R W
 R Q
 V  F
 P
2   V
1   N
 H 9
1  
 5 ( / ; , / / & 3 B 1 .  Z L W K  % U R N H Q  3 R Z H U  / D Z
          
 ( Q H U J \   N H 9 
    
    
    
 5 D
 W L R
   
 
 
  
 N H
 9
2   
 3 K
 R W
 R Q
 V  F
 P
2   V
1   N
 H 9
1  
 5 ( / ; , / / ' B 1 .  Z L W K  3 R Z H U  / D Z
          
 ( Q H U J \   N H 9 
    
    
    
 5 D
 W L R
   
 
 
  
 N H
 9
2   
 3 K
 R W
 R Q
 V  F
 P
2   V
1   N
 H 9
1  
 5 ( / ; , / / ' B 1 .  Z L W K  % U R N H Q  3 R Z H U  / D Z
          
 ( Q H U J \   N H 9 
    
    
    
 5 D
 W L R
Fig. 2.— Fit results for the Johannsen model with α13 free for relxill nk, relxillCp nk, and relxillD nk. For every flavor, we
have two models for the emissivity profile: simple power-law (left column) and broken power-law (right column). In every panel, the top
quadrant shows the best-fit model and the bottom quadrant shows the data to best-fit model ration. XIS1 data/fit in black and HXD/PIN
data/fit in red.
of the emissivity index (with the exception of relxillD nk). When we employ a broken power-law, we always find
a very high qin and a very low qout. The fit with relxillD nk and a simple power-law is quite suspicious: we find
quite a low emissivity index, the inclination of the disk is stuck at the maximum (which was set to 80◦ in this analysis,
because our model becomes inaccurate for higher values), and the ionization of the disk is clearly too low.
The results for the Johannsen spacetime with free α13 are shown in Tab. 2. Fig. 3 shows the constraints on the
spin vs. deformation parameter plane. Ignoring the case with relxillD nk and a simple power-law, which should be
discussed separately, the other fits show a clear trend. With a simple power-law, we do not recover the Kerr solution
with a very high confidence level. When we employ a broken power-law, we get a better fit (∆χ2 ∼ 30-50) and we
recover the Kerr solution. We are tempted to conclude that: i) the choice of the model of the intensity profile is
important, ii) a simple power-law is not adequate to model the reflection spectrum of this Suzaku observation, and iii)
X-ray reflection spectroscopy can potentially measure both the intensity profile and the spacetime metric. Note also
that the constraints on α13 obtained with the broken power-law are quite competitive when compared with previous
results from other sources (Tripathi et al. 2019b,c; Abdikamalov et al. 2019b). This was definitively not the situation
found in Zhang et al. (2019) with the NuSTAR data of GRS 1915+105.
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Fig. 3.— Constraints on the spin parameter a∗ and the deformation parameter α13 employing different relxill flavors: the default
model relxill nk (top panels), relxillCp nk (central panels), and relxillD nk (bottom panels). In the left panels, the intensity profile
of the reflection spectrum is modeled with a simple power-law, in the right panels we use a broken power-law with both inner and outer
emissivity indices free in the fit. The red, green, and blue curves correspond, respectively, to the 68%, 90%, and 99% confidence contours
for two relevant parameters. Note that these constraints are obtained by marginalizing over all other free parameters of the fit. The gray
region is not analyzed in our study because the spacetime is not regular there [see Eq. (A4) in the appendix].
Concerning the model with relxillD nk and a simple power-law, we note that, like in the case of the Kerr model,
the best-fit values are quite suspicious. The emissivity index and the ionization parameter are unreasonably low and
the inclination angle of the disk is unreasonably high. Actually we recover the Kerr metric at a low confidence level,
but just because the uncertainty is large.
For the models with the Johannsen metric and free α22 or 3 we find similar results. The fit with relxillD nk and
a simple power-law always provides quite unphysical values of some model parameters, so we can argue it cannot be
the right model. For the other fits, when we employ a simple power-law, we do not recover the Kerr solution (or we
marginally recover the Kerr solution, see the case with 3 and relxillCp nk). When we employ a broken power-law,
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Fig. 4.— As in Fig. 3 with the deformation parameter α22 allowed to vary and all other deformation parameters set to zero.
we confirm the Kerr hypothesis with quite competitive constraints.
We argue that there are two important differences between the study reported here and that in Zhang et al. (2019):
i) Suzaku has a much better energy resolution near the iron line than NuSTAR and tests of the Kerr metric probably
require high energy resolution near the iron line, and ii) here we do not see any thermal component from the disk,
while a thermal component was necessary in the NuSTAR data, suggesting that the disk temperature here is lower.
Note that in our model the reflection spectrum at the emission point is that of xillver, where the calculations are
done assuming a cold disk and therefore it is perfectly understandable that the model is more suitable for disks with
lower temperature. Note also that our discussion could include the study of Cygnus X-1 in the soft state with NuSTAR
data reported in Liu et al. (2019). Like in Zhang et al. (2019), even in Liu et al. (2019) we were not able to test the
Kerr hypothesis and the uncertainties were large, supporting our idea that our tests need cold disks and high energy
resolution near the iron line.
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Fig. 5.— As in Fig. 3 with the deformation parameter 3 allowed to vary and all other deformation parameters set to zero.
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APPENDIX
THE RELXILL NK MODEL
relxill (Dauser et al. 2013; Garc´ıa et al. 2013, 2014) is currently the most advanced relativistic reflection model in
the Kerr metric. relxill nk (Bambi et al. 2017; Abdikamalov et al. 2019a) is an extension of relxill: the model does
not assume the Kerr background and employs a parametric black hole metric. The latter is not a black hole solution
of some particular theory of gravity but a black hole metric obtained by deforming the Kerr solution. The metric is
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specified by the mass M and the spin angular momentum J of the black hole as well as by a number of deformation
parameters, which are introduced to describe deviations from the Kerr geometry. The Kerr metric is exactly recovered
when all deformation parameters vanish. The strategy is thus to fit the data with this metric, estimate the value
of the deformation parameters with some statistical tool, and check whether the data require vanishing deformation
parameters in order to satisfy the Kerr hypothesis.
In the analysis presented in this paper, we have considered the Johannsen metric (Johannsen 2013). In Boyer-
Lindquist-like coordinates, the line element of the Johannsen metric reads
ds2 =− Σ˜
(
∆− a2A22 sin2 θ
)
B2
dt2 +
Σ˜
∆
dr2 + Σ˜dθ2 − 2a
[(
r2 + a2
)
A1A2 −∆
]
Σ˜ sin2 θ
B2
dtdφ
+
[(
r2 + a2
)2
A21 − a2∆ sin2 θ
]
Σ˜ sin2 θ
B2
dφ2 (A1)
where M is the black hole mass, a = J/M , J is the black hole spin angular momentum, Σ˜ = Σ = f , and
Σ = r2 + a2 cos2 θ , ∆ = r2 − 2Mr + a2 , B = (r2 + a2)A1 − a2A2 sin2 θ . (A2)
The functions f , A1, A2, and A5 are defined as
f =
∞∑
n=3
n
Mn
rn−2
, A1 = 1 +
∞∑
n=3
α1n
(
M
r
)n
, A2 = 1 +
∞∑
n=2
α2n
(
M
r
)n
, A5 = 1 +
∞∑
n=2
α5n
(
M
r
)n
, (A3)
where {n}, {α1n}, {α2n}, and {α5n} are four infinite sets of deformation parameters without constraints from the
Newtonian limit and Solar System experiments. In this paper, we have only considered the deformation parameters
3, α13, and α22 because they are associated to the leading order corrections in f , A1, and A2, respectively. We have
ignored the leading order correction in A5 because its impact on the reflection spectrum is very weak (Bambi et
al. 2017). Note that in any model we only consider the possibility that one of the deformation parameters can be
non-vanishing and we set all others to zero. For example, when we try to measure α13 we leave it free in the fit while
all other deformation parameters vanish. The possibility of two (or more) variable deformation parameters at the same
time is beyond the capabilities of our current version of relxill nk (Abdikamalov et al. 2019a).
Note that relxill nk scans a restricted parameter space of the metric to avoid spacetimes with pathological
properties. We require that |a∗| ≤ 1, because for |a∗| > 1 there is no black hole but a naked singularity, exactly like
in the Kerr metric. As discussed in Johannsen (2013); Tripathi et al. (2018), we also have to impose the following
restrictions on α13, α22, and 3
α13 > −1
2
(
1 +
√
1− a2∗
)4
, −
(
1 +
√
1− a2∗
)2
< α22 <
(
1 +
√
1− a2∗
)4
a2∗
, 3 > −
(
1 +
√
1− a2∗
)3
. (A4)
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